Abstract. In the automotive industry a general tendency to choose steels with enhanced strength for structural parts can be observed. This trend results from the increased lightweight design efforts to satisfy the fleet consumption restrictions. Hot forming and quenching of boron steel offers the possibility to improve the component strength and reduce the weight of structural parts. The main influences on the process are described and a method to model and simulate this process using the finite element method using LS-DYNA is presented. Experimental investigations of the contact heat transfer have been carried out to enhance the simulation accuracy. A prototyping tool of a structural part is used to examine the process under production conditions. Temperatures of the tool and the part are measured during the process. These temperatures are compared with the simulation results in order to reevaluate the results of the process simulation.
Introduction
Currently improvements in automotive sheet metal forming technology are mainly driven by two contradictory determining factors. On the one hand the increasing severity of competition in the automotive industry demands for cost-effective choice of materials and production processes for the body-in-white (BIW). On the other hand restrictions on fleet fuel consumption cause more and more weight saving efforts. The BIW accounts for 25 to 30 % of the vehicle weight [1, 2] and offers therefore effective possibilities for a reduction of the vehicle weight. Furthermore primary weight saving in the body structure can cause secondary weight saving effects in the suspension and the powertrain. With a primary weight saving of 1 kg in the BIW a secondary weight saving potential of 0.5 kg is attainable [3, 4] . In addition to adopted weight and cost saving measures increasing customer requirements such as ride comfort, crash safety, durability, corrosion resistance and selling price must be taken into account to place competitive products on the market.
An adaptation to those determining factors results in the entire concept of a weight and cost optimized BIW. The main idea behind this concept is an economic achievement of weight saving objectives for instance by the use of advanced sheet materials in combination with optimized production technologies adapted to the particular material concept. This concept is achievable by the use of four different lightweight design approaches ( Fig. 1) , which can be pursued individually or in combination [5] . Lightweight design based on the vehicle concept for example means reducing the number of components by modularization. Through the use of advanced semi-finished products as tailored blanks, sandwich materials or relief embossed panels allows for weight saving by design. The choice of a proper material is an often used approach to weight reduction. On the one hand materials with a low density as aluminum or magnesium or advanced high strength steels on the other hand can be used for lightweight construction. Manufacturing technologies are widely influenced by the material choice. Each sheet material demands for an appropriate forming process and each material combination needs an adapted joining concept. An appropriate combination of these four different lightweight design concepts depends on the car type or rather the focused market segment and the production quantities respectively. This paper is focused on a combination of the material and the manufacturing approach. For mass production cars a general tendency to choose advanced high strength steels for structural body parts can be observed. For instance in the BIW of the current Mercedes Benz E-class the use of high strength steels was increased by 90 % compared to its predecessor. In figure 2 a comparative overview of sheet materials for automotive body applications is given. The different steel grades can be classified by the tensile strength as an important in-use property. By the use of quenched mega high strength boron steels it is possible to produce structural parts with high component strength and reduced weight compared to conventional high strength steel applications. As far as the deformability of the quenched material, expressed by the elongation A 80 is rather low, these steels are predestinated for structural applications, where the anti-intrusion performance of the component is the most important material selection criterion. Thus quenched boron steels will be used typically in the side structure to keep occupants survival space in a side impact crash (figure 3) or in the roof structure to prevent a roof crush in rollover accidents. The manufacturing process to produce structural components made of quenched boron steel significantly differs from the well known automotive sheet metal forming processes. The blank must be heated up to austenitic temperature and is then formed and immediately quenched inside the tool. Therefore this process requires a different press shop layout compared to conventional cold forming processes. Only small amounts of the existing know how on sheet metal forming is directly transferable to this rather novel process.
Motivation
At present the simulation of sheet metal forming in the automotive industry has reached a high productivity level. Simulation of the first forming stage and prediction of cracks and wrinkles is a standard task in the optimization of a forming process and the die design. Further on springback deviations of complex parts can be predicted and the geometry of the forming tool can be modified just before the hard dies are machined. At least it can be mentioned that sheet metal forming simulation has become a very effective tool to achieve significant economical improvements in the die development process of automotive companies. For instance in the die design shop of DaimlerChrysler in the Sindelfingen Plant the die developing time of a hood inner has been reduced by 10 weeks due the use of sheet metal forming simulation.
In contrast to the conventional sheet metal forming processes the simulation of hot forming and quenching of boron steels is comparatively still at a low development status in the automotive industry. Yet most improvements are gathered during the prototyping phase by trial and error methods in the press shop. This approach can lead to several costly and time consuming iteration loops until at least the final tool geometry and blank shape is obtained. A simulation based optimization of the hot forming process comparable to the conventional sheet metal forming mentioned above can result in noticeable time and cost savings.
One significant degree of difficulty in the process simulation is an accurate prediction of the temperature distribution in the blank. As far as the mechanical material of the blank is strongly temperature dependent, a correct prediction of the temperature field is an essential precondition for a computation of the changing inhomogeneous material properties of the blank during the process. A schematic overview for the entire process flow of hot forming and quenching is given in figure 4 . The highest temperature gradients in the blank arise from the first contact of the hot sheet with the colder die. As a consequence of the fast proceeding heat transfer effects during the process and the strongly temperature dependent mechanical material behavior the complexity of sufficient simulation models and the demands on simulation programs have increased.
A completely different demand for reliable process simulation results comes from the area of crash simulation. Simply because hot formed and quenched parts have a high relevance for the crash safety, a consideration of the thickness distribution in the crash simulation model can enhance the simulation accuracy [6, 7] . The connection of forming and crash simulations is a general trend which will become a standard in near future [5] . Especially in hot forming a local thickness reduction during forming does not induce a local increase of the final components strength, as it is the case in cold forming. So reductions in sheet thickness are as well local reductions of the components load carrying capacity. At least one can conclude that an integrated process simulation from the heated blank to the quenched structural body part is an essential tool for an integrated product and manufacturing process optimization of high performance structural parts manufactured by hot forming and quenching.
Process Modeling
The complete process is modeled by means of a digital process chain. The process was subdivided into partial stages to simplify the simulation. The subdivision corresponds to the schematic process overview in figure 4 . Since each stage is a separate simulation run it is possible to use different solvers and different modeling methods, especially for the tool model, in each individual stage. In this article the process simulation is subdivided into a handling stage, a remaining stage, a forming stage and a quenching stage. The austenitization of the blank has not been simulated and the furnace temperature of 950 °C is the over-all initial temperature of the blank at.
During the transfer stage the blank looses heat by radiation to the surrounding. Convection has not to be taken into account as far as the duration of the transfer stage is short enough. If it is assumed that convection is the only boundary condition the blank actual blank temperature is given by 
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Herein are T ∞ the ambient temperature, s 0 the sheet thickness, c p the specific heat capacity of the sheet material, ρ the density and α the convective heat transfer coefficient.
The time for transferring a hot blank from the furnace to the press is almost less than 10 seconds. Thus for 1 mm thick sheet with a specific heat capacity of 500 J/kgK and a convective heat transfer coefficient of 20 W/m 2 K convective cooling becomes effective after 98 seconds cooling, which is much higher than usual transfer times. During the remaining stage the blank lies on the cold die until the first impact of the punch. In the prototyping process regarded in this study the remaining time was approximately one second. A contact heat transfer coefficient of 3000 W/m 2 K has been chosen for all stages. As a result of the remaining stage an inhomogeneous temperature distribution in the blank is transferred to the forming stage. As far as the blank is put directly onto the die without any spacers the flange area cools down immediately and leads to inhomogeneous elasticplastic material properties before the forming simulation starts. The temperature dependent elasticplastic material properties for the forming simulation are given in figure 5 . The elastic properties are taken from [8, 9] . The stress-strain curves are approximations based on the experimental work of [10] . In this study special attention was paid to tool modeling. In conventional sheet metal forming simulations the active surfaces of the tools are modeled as rigid 2D-shellmeshes. The element shape is not of greater interest, as far as the tools CAD-geometry is well approximated. In a hot forming and quenching simulation, the tool temperature is an additional degree of freedom and therefore higher demands are made on the mesh quality. A point of principle in tool modeling is the choice of solid elements or shell elements. The use of solid elements leads to an increased the model size and due to the higher number of degrees of freedom the required CPU time rather high. For the solution of the thermal problem an implicit time integration scheme and an iterative conjugated gradient solver is used [11] . As far as the storage and CPU requirements for implicit finite element codes grow with the number of solid elements to the power of 7 and the number of shell elements to the power of 5 [12] , it is obvious that the choice of shell elements is of higher computation efficiency. A problem which arises with the choice of shell elements is the treatment of the heat dissipation from the active surfaces into the tool. In LS-DYNA the standard thermal shell element has only one integration point in thickness direction. Thus the dynamic temperature response of the tool in contact with the hot sheet is controlled by a corresponding user defined element thickness. Artificial heat dissipation from the tool surface inside the tool is approximated by a boundary heat flux whose magnitude is a function of temperature. The two essential parameters shell thickness and heat flux magnitude have been calibrated with simplified quasi-one-dimensional simulations. This rough Advanced Materials Research Vols. 6-8approach of simplified tool modeling is only valid for short time duration transient heat transfer problems. For the last stage where the formed part is cooled down and quenched while the tool is kept closed for 20 seconds, a full solid model of the tool has been used.
Simulation Results
In the simulations made in this study a prototyping part of a roof structure is investigated. The main focus is on an accurate prediction of temperatures during the process. If the temperature distribution and the temperature changes of the blank can not been well predicted, it is not possible to carry out forming simulations, even though the temperature dependent mechanical material behavior is well described. Against the background of this fact the rather simple geometry of the chosen structural part is well suited for a thermal analysis. The part is formed in a simple tool only consisting of a die and a punch. A blankholder is not necessary for this simple geometry. The simplified tool modeling method was verified with a simulation of the remaining stage. The blank remains on the cold die for one second. The initial die temperature is 20°C and the initial temperature of the blank is 865°C due to 3 seconds free cooling from 950°C during the transfer. The comparison of the results with a solid tool mesh and a simplified shell element model with artificial heat dissipation is shown in figure 6 . The results of the solid model as reference and the simplified shell model are in good agreement. Compared with the simplified model the required CPU time for the solid model was 9.5 times higher.
At next the tool model has been validated for the forming simulation. To safe computation time only a strip of the tool was modeled. In this simulation the initial temperature for the blank is 900°C and 20 °C for the punch and the die. The blank remains for one second on the die until the forming of the part starts. In the simulation a sequential coupling of an implicit temperature calculation and a dynamic explicit displacement calculation was carried out. This means that in each explicit mechanical time step the element temperatures are kept constant and during each thermal time increment the geometry remains unchanged. The maximum thermal time step is limited in such a manner that the punch can not move more than 5 mm during a thermal time step. A comparison of the punch and the blank temperatures immediately after the punch has reached bottom dead center is shown in figure 7 . The temperature distributions differ quite insignificantly. Furthermore it has to be taken into account that the punch velocity in the simulation corresponds to a rather low physical punch velocity of 50 mm/s. With that velocity the prototype parts were formed on a hydraulic press. Under mass production conditions the punch velocity will be much higher and thus the heat loss of the sheet due to contact heat transfer to the tools will be lower. At least the differences between the two modeling approaches are less with an increased punch velocity. Nevertheless the heat loss of Based on the previous results a simulation of the entire process has been carried out. As mentioned above a solid tool model was only used for the final quenching stage. The simplified tool model consists of 82194 shell elements, whereas the solid model contains 694910 solid tetrahedron elements. The blank is 950 mm in length, 300 mm in width and is meshed in both cases with 45600 four node shell elements. Adaptive mesh refinement has not been used in this study. In figure 8 the temperature field of the sheet, the punch and the die at the beginning of the quenching, after 5 seconds quenching time and after 10 seconds quenching time is shown. The temperature contour plots of the punch and the die reveal that the heat dissipation in the convex radii is noticeably slower than in plain or concave tool regions. Especially if small crease like shape elements are formed into the blank, a noticeable higher surface temperatures has to be taken into account in the tool development process. After 10 seconds quenching time the part temperature is overall below martensite finish, which is at 270°C [13] . 
Conclusions and Summary
The investigation dealt with the benefits of hot formed and quenched high strength steels. The importance of an integrated process and product simulation has been carried out. An approach for modeling the tools was discussed in detail. It has been pointed out, that a simplified tool model is a very effective way to gain a higher computational efficiency. The ability to simulate the entire process was demonstrated. Further investigations must be carried out concerning the temperature dependent forming behavior of the material. Therefore a structural part with a complex geometry will be simulated. The overall objective is an accurate prediction of the final part properties, induced by the manufacturing process by the use of finite element simulation. If geometries of higher complexity are regarded, special care has to be taken to friction coefficient. Yet no reliable data for the friction coefficient in hot forming is available, only the experience that it is much higher than in conventional forming processes.
